Over the past decades, outcomes for children with cancer have improved dramatically through serial clinical trials based in large measure on dose intensification of cytotoxic chemotherapy for children with high-risk malignancies. Progress made through such dose intensification, in general, is no longer yielding further improvements in outcome. With the revolution in sequencing technologies and rapid development of drugs that block specific proteins and pathways, there is now an opportunity to improve outcomes for pediatric cancer patients through mutation-based targeted therapeutic strategies. The Children's Oncology Group (COG), in partnership with the National Cancer Institute (NCI), is planning a trial entitled the COG-NCI Pediatric Molecular Analysis for Therapeutic Choice (Pediatric MATCH) protocol utilizing an umbrella design. This protocol will have centralized infrastructure and will consist of a biomarker profiling protocol and multiple single-arm phase II trials of targeted therapies. Pediatric patients with recurrent or refractory solid tumors, lymphomas, or histiocytoses with measurable disease will be eligible. The Pediatric MATCH Target and Agent Prioritization (TAP) committee includes membership representing COG disease committees, the Food and Drug Administration, and the NCI. The TAP Committee systematically reviewed target and agent pairs for inclusion in the Pediatric MATCH trial. Fifteen drug-target pairs were reviewed by the TAP Committee, with seven recommended for further development as initial arms of the Pediatric MATCH trial. The current evidence for availability, efficacy, and safety of targeted agents in children for each class of mutation considered for inclusion in the Pediatric MATCH trial is discussed in this review.
Childhood malignancies contain genomic alterations that may predict response to molecularly targeted therapies (1) (2) (3) (4) (5) . Recurrent genomic alterations occurring in specific cancer histologies typically occur at a frequency of less than 20%, and most occur at a frequency of less than 10% (6) . The rare occurrence of pediatric cancers and the low frequency of recurrent genomic alterations make it difficult to design and conduct phase II trials of targeted therapy in a patient population with both a specific diagnosis and a specific genomic alteration. Genomic alterations linked to response to targeted therapy often occur across multiple (and diverse) tumor histologies.
A number of novel clinical trial designs have been suggested to facilitate integration of genomics (7, 8) into clinical trials, including umbrella and basket designs, in which patients characterized by the presence of a predictive biomarker are treated on trial arms utilizing the therapy indicated by the identified biomarker. For example, the Molecular Analysis for Therapy Choice (NCI-MATCH) study utilizes a basic strategy of testing patient tumors for molecular targets under an umbrella protocol, then directs patients to one of many separate phase II studies that have molecular eligibility criteria (9) . The NCI-MATCH study began enrolling subjects in August 2015; after two months of enrollment, 9% of patients sequenced were found to have an actionable mutation for assignment to one of the 10 treatment arms, a rate likely to increase as additional study arms are opened (10) .
The Children's Oncology Group (COG) in partnership with the National Cancer Institute (NCI) is planning a trial entitled the COG-NCI Pediatric Molecular Analysis for Therapeutic Choice (Pediatric MATCH) protocol utilizing an umbrella design. This protocol will have centralized infrastructure and consist of a single biomarker profiling (screening) protocol and multiple single-arm phase II trials (subprotocols) of targeted therapies. Pediatric patients with recurrent or refractory solid tumors, histiocytoses, or lymphomas with measurable disease will be eligible ( Figure 1 ).
Given the limited number of children with recurrent malignancies, it is unlikely that every agent of interest will be amenable for study in this patient population and hence there is a need to select or prioritize agent classes for this clinical trial. The Pediatric MATCH Target and Agent Prioritization (TAP) Committee was formed to serve this purpose.
Methods

TAP Committee
The TAP Committee included pediatric oncologists with expertise in cancer genomics and representation from the diversity of COG disease committees, as well as seven members who served as liaisons to the adult NCI MATCH study and organizations and agencies involved in Pediatric MATCH protocol development. The Food and Drug Administration (FDA) and NCI's Cancer Therapy Evaluation Program (CTEP) and Center for Cancer Research (CCR) were also represented.
Compiling a List of Target-Agent Pairs
The TAP Committee Co-Chairs compiled a comprehensive list of targeted agent classes to be considered for inclusion based on their knowledge of pediatric cancer genomics and a literature Figure 1 . Pediatric Molecular Analysis for Therapeutic Choice (MATCH) Trial schema. Subjects with relapsed or refractory solid tumors, lymphomas, and histiocytic disorders are eligible for Pediatric MATCH. Tumor biopsy undergoes sequencing, and if an actionable mutation is detected the subject may be enrolled on a study subarm and receive a "matched" targeted agent. Subjects with stable disease, partial response, or complete response remain on study drug until disease progression. If a subject experiences progressive disease and additional actionable mutations are detected, they may enroll in a second subarm and receive a second targeted agent. If no additional subarm targets are available at the time of progressive disease, the subject goes off-study. CR ¼ complete response; PD ¼ progressive disease; PR ¼ partial response; SD ¼ stable disease.
review. This list was reviewed by committee members who also recommended additional agents for consideration. A final list of agent classes to be formally reviewed and prioritized was agreed upon by the committee.
Review Process
Each target/agent pair had primary and secondary reviewers, who were assigned to target-agent pairs based on expertise, who expressed interest in a particular target/agent pair, and because of logistical issues (such as availability). The reviewers were asked to define the potential target or biomarker, determine whether the target can be detected with the proposed testing platform, evaluate the frequency of alterations in the target in pediatric malignancies, assess evidence linking target to activity of the agent, consider potential toxicities, and review agents in the class and report on ongoing or planned trials with potential overlap. After conducting this thorough review, the reviewer assigned a priority score (Table  1) and prepared a written report (in standardized format) for the target-agent pair. The committee voted on target-agent pairs following systematic review and discussions. Sources of evidence utilized in conducting reviews included published peer-reviewed literature, abstracts, and unpublished data. Initial reviews were conducted between February 2015 and May 2015. 
Co-Chair Assessment and Determination of Top Priority Pairs
The TAP Committee Co-Chairs then determined the top priority target-agent pairs to be recommended to the Pediatric MATCH Steering Committee for further development as the initial arms of the trial by assessing the level of evidence linking the biomarker to response to the agent, the ability of the MATCH assay to detect the key biomarker, and the suitability of each targetagent pair for the specific structure and goals of this trial. Pediatric MATCH investigators provided data for the levels of evidence to be utilized for classifying each arm of the trial as outlined in Table 2 . The TAP Committee Co-Chairs then determined the highest level of evidence possible for each agent class evaluated. In applying these levels of evidence, the "clinical end point" and "evidence of clinical activity" are specific to the biomarker-defined population.
Information regarding the assay to be utilized for the Pediatric MATCH (MATCH assay) was provided to the Co-Chairs of the TAP Committee. For each target-agent pair evaluated by the TAP Committee, the Committee Co-Chairs evaluated whether the MATCH assay would detect the variants anticipated to be present in pediatric malignancies that could predict response to the agent class. The list of seven agent-target pairs to be recommended for inclusion in the initial Pediatric MATCH trial were ultimately determined by the Co-Chairs and approved by the committee.
The Pediatric MATCH study will utilize a version of the ThermoFisher Oncomine Cancer Panel, which has previously been analytically and clinically validated for the adult NCI MATCH clinical trial and has been reviewed and revised to include relevant pediatric cancer gene content. The Oncomine study panel targets a defined set of more than 4000 annotated genomic variants including single-nucleotide variants, insertion/deletions, copy number variants (amplifications), and gene fusions. Of note, the panel is not currently utilized to detect gene deletions (necessitating the use of immunohistochemistry for specific proteins if needed for subprotocol eligibility). In addition, genetic alterations such as complex genetic rearrangements are not routinely detectable by mutation panels, which are also not designed to identify microsatellite instability. The panel will be periodically updated to include additional variants based on emerging genomic and preclinical/clinical data, including novel highpriority variants for pediatric solid tumors, lymphomas, and histiocytoses.
Results
Review and Prioritization of Agent Classes
The final list to be formally reviewed and prioritized contained 15 classes of targeted agents. A number of agent classes were discussed by the committee but ultimately not included in the list of agent classes to be formally reviewed ( Table 3) . The primary reasons for exclusion varied. In some cases, the frequency of the target or biomarker was uncommon in pediatric malignancies. In other cases, the agent class was deemed to be insufficiently targeted to enable identification of a biomarker predicting agent activity. Other targeted agent classes were excluded because the biomarker predicting agent activity was not yet known or was not detectable by the testing platform (Table 4) . Of note, Pediatric MATCH leadership guidance to the committee was that the initial comprehensive review should focus on small molecule inhibitors rather than other classes of novel agents such as engineered cytotoxic T cells.
Results of the agent prioritization review are summarized in Box 1. The average priority score for reviewed agent classes ranged from 1.5 to 3.5. The number of committee members submitting a priority score vote ranged from 11 to 17 with an average of 14 members.
Several drug classes reviewed by the TAP Committee target different components of the same signaling pathway: the BRAF, MEK, and ERK inhibitors and the PI3K, mTOR, and AKT inhibitors. This fact was acknowledged in the reviews, but each drug class was voted on separately. In addition, for ranking and committee voting, the review of ALK inhibitors was divided into second-generation ALK inhibitors and ALK inhibitors that The drug is Food and Drug Administration approved for a malignant indication, and there is a molecular abnormality that can serve as a valid predictive marker. The subprotocol will not enroll patients with conditions for which the drug is approved or patients with conditions for which the drug has been shown not to have benefit. Level 2
The drug is investigational but met a clinical end point (progression-free survival, response) in any malignancy, has evidence of target inhibition, and has evidence of a predictive molecular marker. Level 3
The drug is investigational but has demonstrated clinical activity in any malignancy and evidence of target inhibition and has demonstrated evidence of a predictive molecular marker.
*MATCH ¼ Molecular Analysis for Therapeutic Choice Trial.
inhibit additional tyrosine kinases (extended ALK inhibitors), and the review of PI3K/mTOR inhibitors was divided into PI3K and mTOR inhibitors so that the total number of target-agent pairs ranked was 17.
Reviewers raised aspects of study design that impact agent prioritization, including the primary end point to be used to measure agent activity and whether the selected drugs could be studied in combination (with chemotherapy) or only as a single agent. Specifically, if objective response rate is utilized as the primary end point for each phase II trial, then drug classes demonstrated in preclinical studies to have a cytostatic effect would receive a lower priority score. Drug classes demonstrated to have limited single-agent activity but to act synergistically with chemotherapy would receive higher priority if phase II trials combining targeted agents and chemotherapy would be considered for future inclusion in Pediatric MATCH.
Individual Target-Agent Pair Reviews
Evidence supporting a link between genomic alterations and response to therapy for each of the target-agent pairs is discussed below in order of study priority. More complete discussion, including target-agent summaries, level of evidence, biomarker detection, frequency of biomarker in pediatric malignancies, consideration of specific agents, clinical trials planned with biomarker-defined populations, and full summary of TAP Committee comments are provided in the Supplementary Materials and Supplementary Tables 1-5 (available online).
PI3K/mTOR Inhibitors
Introduction Phosphoinositide 3-kinases (PI3Ks) function downstream of receptor tyrosine kinases (RTKs) and G-protein coupled receptors (GPCR) to activate protein kinase B (AKT), which in turn stimulates a number of progrowth and anti-apoptotic pathways within the cell, including regulating mechanistic target of rapamycin (mTOR) activity. Phosphatase and tensin homolog (PTEN) negatively regulates this pathway. mTOR functions in two complexes: TORC1 and TORC2. Allosteric mTOR inhibitors have been developed that selectively inhibit TORC1 activity, while ATP competitive mTOR inhibitors inhibit both TORC1 and TORC2. Activating mutations of this pathway have been identified in osteosarcoma, embryonal rhabdomyosarcoma, and diffuse intrinsic pontine gliomas (3, 11, 12 ).
Biomarker and Evidence
There has been extensive preclinical and some clinical evaluation of biomarkers of response to PI3K/mTOR pathway inhibitors, primarily focusing on adult malignancies (13) . In preclinical studies in breast cancer, activating mutations of PIK3CA have been shown to confer sensitivity to PI3K inhibitors, AKT inhibitors, allosteric mTOR inhibitors, TORC1/2 inhibitors, and PI3K/mTOR inhibitors (14-21). These findings have been extended to other PIK3CA-mutant tumor models including PI3K inhibition in melanoma, lung, ovarian, prostate, and endometrial cancer (22, 23) ; AKT inhibition in pancreatic, prostate, ovarian, non-small cell lung cancer, and ovarian cancer (24) ; and PI3K/mTOR inhibition in lung adenocarcinoma (25) .
In preclinical studies, the relationship between PTEN deficiency and sensitivity to PI3K pathway inhibitors has been less clear. Some studies have found that some PTEN-deficient cell lines are sensitive to PI3K inhibitors (16, 18, 20) , but others have found that PTEN-deficient cells are preferentially resistant to PI3K inhibitors (22) , allosteric mTOR inhibitors (21) , and PI3K/ mTOR inhibitors (14) . Recent studies have suggested that these discrepancies are because PTEN-deficient tumors are specifically dependent on the beta rather than the alpha isoform of PI3K (26) (27) (28) (29) .
Clinical studies have primarily focused on biomarkers of sensitivity to the allosteric mTOR inhibitors. In general, PIK3CA mutation or PTEN loss of function mutations predicted clinical response to these agents (15, (30) (31) (32) (33) , with one study finding that the H1074R mutation in PIK3CA resulted in a higher response REVIEW rate than other PIK3CA mutations (32) . As an example, of 258 adult patients with advanced cancer treated at a single institution on phase I studies that included various inhibitors of the PI3K/MTOR pathway, 35% (six of 17) of patients with PIK3CA mutations achieved a partial response vs 6% of patients who did not have a PIK3CA mutation (34) . Similarly, of 23 patients with PIK3CA-mutant breast, cervical, endometrial, and ovarian cancer treated on various phase I studies of PI3K/MTOR pathway inhibitors at a single institution, 30% had a partial response compared with 10% of patients with the same disease types lacking PIK3CA mutations (35) . However, in a randomized study of molecularly targeted therapy for adult patients with advanced cancer, no progression-free survival benefit was seen for everolimus compared with conventional chemotherapy in patients with PI3K/mTOR pathway-activating mutations (36) . In several studies, concurrent KRAS or BRAF mutations have been associated with resistance (15, (30) (31) (32) . Evidence also suggests that downstream pathway mutations confer sensitivity to allosteric mTOR inhibitors. Everolimus was studied in a randomized phase III trial in patients with subependymal giant cell astrocytomas (SEGAs) and a clinical diagnosis of tuberous sclerosis, most of whom were predicted to have loss of function mutations in TSC1 or TSC2; 35% of everolimustreated patients had at least 50% reduction in SEGA volume, and 53% of everolimus-treated patients had at least 50% reduction in the volume of their concurrent angiomyolipomas vs none in placebo-treated patients (37, 38) . Additionally, an extraordinary responder with a 14-month complete remission to everolimus and pazopanib has been described as having biallelic-activating mutations in MTOR (39) .
Allosteric mTOR inhibitors have demonstrated clinical benefit in pediatric cancers, most recently in a randomized phase II trial when compared with bevacizumab in recurrent rhabdomyosarcoma (RMS) in combination with vinorelbine/cyclophosphamide (40) . However, this population was not biomarker selected. Studies in adult malignancies have also shown that patients lacking PIK3CA and PTEN mutations can respond (31) . In some studies, but not all, response has been correlated with phosphorylation of the mTORC1 target S6RP (41) (42) (43) (44) (45) (46) .
Recommendation
The TAP Committee strongly encouraged inclusion of at least one agent from this pathway in the Pediatric MATCH study. The strongest consideration should be given to mTOR or PI3K inhibitors. A combined PI3K/mTOR inhibitor would permit enrollment of all patients with confirmed biomarkers onto one arm, and in preclinical studies ATP-competitive MTOR inhibitors are associated with greater inhibition of downstream targets than rapalogs (47) (48) (49) . AKT inhibitors were deprioritized because of their earlier stage of clinical development and lack of a defining biomarker that would predict response to AKT inhibition but not PI3K and/or mTOR inhibition. Based on clinical studies in adult patients, patients whose tumors harbor concurrent BRAF or KRAS mutations should be excluded from receiving PI3K, AKT, and mTOR inhibitors (15, (30) (31) (32) .
MEK Inhibitors
Introduction
The RAS-RAF-MEK1/2-ERK1/2 pathway, also known as the classical MAPK pathway, is responsible for controlling multiple key physiological processes (50) . The MAPK pathway is one of the most frequently dysregulated signaling cascades in human cancer, and the aberrant activation of this pathway commonly occurs through gain-of-function mutations in genes encoding RAS and RAF family members, as well as by loss of NF1. Despite the low frequency of mutations in the MEK1/2 genes (MAP2K1 and MAP2K2) (51,52), MEK1 and MEK2 have emerged as ideal targets for therapeutic development because of their narrow substrate specificities, their distinctive structure, and their place at the bottleneck in the MAPK signaling pathway. The malignances seen in the pediatric and young adult populations with known MAPK pathway aberrations include hematological and lymphoid malignancies (activating NRAS/KRAS mutations, 20%) (53), rhabdomyosarcoma (activating BRAF, NRAS and PTPN11 mutations, 20%) (54), low-grade glioma (activating mutation or fusion in BRAF, 70%-100%), as well as in glioblastoma multiforme (mutation or deletion of NF1, BRAF mutation, 15%), neuroblastoma (activating mutations in NRAS, PTPN11, 2.9%-3.6%) (55), malignant peripheral nerve sheath tumors (NF1 loss 40%-88%) (56) , and melanoma (activating mutation in BRAF, 86%) (57).
Biomarker and Evidence
MEK inhibitors have shown clinical responses in patients with BRAF-mutated melanoma refractory to BRAF inhibitors, leading to FDA approval of trametinib for refractory melanoma both as a single agent (58) as well as in combination with the BRAF inhibitor dabrafenib (59) . Similarly, they have also shown clinical responses (20% with PR) in melanoma with NRAS mutation (60) . In patients with KRAS-mutant lung cancers, MEK inhibition combined with gemcitabine (61) improves response rate and event-free survival. There is preclinical evidence for activity of MEK inhibitors in NF1-deficient neurofibromas and melanomas, and early results of a phase I trial of selumetinib (AZD6244) have shown clinical responses in more than 50% of pediatric patients with neurofibromatosis-1 (NF-1) with large plexiform neurofibroma (62-64). In uveal melanoma, which is characterized by mutations in GNAQ and GNA11 (G-binding protein alpha subunits that signal via the MAPK pathway), selumetinib results in a higher response rate and prolonged progression-free survival when compared with chemotherapy (65) . In summary, there is clinical evidence supporting the following as biomarkers for response: activating N/ K/HRAS mutations, activating BRAF mutations (V600E and others), GNAQ and GNA11 activating mutations, inactivating mutations in PTPN11, and inactivation of NF1 through inactivating mutations or insertion/deletion (63) .
There are several preclinical studies demonstrating efficacy of MEK inhibitors in pediatric tumors with known RAS-ERK pathway aberrations. The MEK/ERK inhibitor UO126 has been shown to inhibit growth of rhabdomyosarcoma both as a single agent in vivo and in vitro (66) and in combination with the dual PI3K/mTOR inhibitor PI103 (67) . In addition, in vitro and in vivo synergy has also been seen between inhibitors of TORC1/2 (AZD8055) and MEK (AZD6244) in embryonal rhabdomyosarcoma (68) . Preclinical data also support potential activity for MEK inhibitors against neuroblastoma with MAPK pathway gene mutations (69) . Lastly, NF1 deficiency has shown to be predictive of sensitivity to MEK inhibitors in vitro in glioblastoma multiforme (70) . In preclinical studies, some MAP2K1 (MEK1) mutations are sensitive to MEK inhibition (71, 72) .
Recommendation
In view of the high frequency of MAPK pathway aberrations within the pediatric oncology population and promising clinical activity in melanoma as well as in plexiform neurofibroma, TAP Committee members were enthusiastic to include MEK inhibitors as a part of the Pediatric MATCH trial.
PDGFR Inhibitors
Introduction The platelet-derived growth factor receptors alpha (PRGFRA) and beta (PDGFRB) are expressed in oligodendrocytes and in a variety of cells derived from mesenchymal stem cells including fibroblasts and vascular smooth muscle cells. PDGFRA mutations are found in pediatric high-grade gliomas (HGGs) and diffuse intrinsic pontine gliomas (DIPGs) (73, 74) , and approximately 25% to 35% of DIPGs have PDGFRA amplification (75) . Sarcomas occurring rarely in children, inflammatory myofibroblastic tumors and dermatofibrosarcoma protuberans, have fusions of PDGFRB or PDGFB.
Biomarker and Evidence
Several of the point mutations identified in DIPG and pediatric HGG are transforming in a p53-deficient astrocyte model, and in this model small molecule inhibitors of PDGFRA crenolanib and dasatinib (73) block ligand-independent receptor activation. Phase II studies of imatinib, an inhibitor of PDGFRA, in recurrent gliomas have not shown activity in patients with glioblastoma (76, 77) . However, PDGFRA amplification and mutation status have not been assessed in these trials, so it is possible that these studies failed because the target population that would benefit from treatment was not adequately identified. In patients with dermatofibrosarcoma protuberans, characterized by a COL1A1-PDGFRB fusion, objective responses are seen in a majority of patients who receive imatinib (78, 79) . In refractory leukemias with PDGFRB fusions, imatinib therapy has been reported to result in long-term responses (80) . In gastrointestinal stromal tumors (GISTs), a subset of the activating PDGFRA mutations predict response to imatinib (81) .
Recommendation
If other phase II studies of PDGFR inhibitors in children with PDGFR-mutant HGG and DIPG were not planned, then this would be a reasonable class of agents to include in the pediatric NCI MATCH trial. To date, the only evidence supporting an association between the PDGFR variants most likely to be found in the study patient population is preclinical. This may change as results of the ongoing phase I trial of crenolanib become available. The Pediatric MATCH leadership could consider waiting for the results of that trial to make a decision about including this class of agents.
BRAF Inhibitors
Introduction Mutations in BRAF that induce constitutive activation of the MAPK pathway arise in approximately 7% of all cancers, including a variety of pediatric malignancies. Activating mutations in BRAF (or genes encoding other MAPK pathway proteins) are observed at a very high frequency in pediatric brain tumors, melanoma, and LCH, with BRAF-V600E being the most common mutation (82) .
Biomarker and Evidence
First-generation BRAF inhibitors specifically target BRAF-V600E, BRAF-V600K, or other more rare mutations that induce activation of the BRAF monomer (83) . Next-generation agents that target dimeric RAF may impact increased ERK activation induced by BRAF fusion or copy gain alterations (84) . Because pathologically activated BRAF acts through phosphorylation of downstream ERK, drugs that inhibit MEK or ERK activity may also be considered for patients with somatic BRAF alterations (see MEK inhibitor and ERK inhibitor sections), either as monotherapy or in combination with RAF inhibitors.
Abundant preclinical evidence strongly supports the function of BRAF-V600E as a driver of pathogenesis across many pediatric diseases (85) (86) (87) . Phase II and phase III clinical trials demonstrate clinical responses and improved overall survival in adults with advanced metastatic melanoma with the BRAF-V600E mutation treated with vemurafenib (85, 88) . A randomized study suggested improved efficacy with combination dabrafenib (BRAF inhibition)/trametinib (MEK inhibition) strategy compared with dabrafenib monotherapy (89) . Vemurafenib has also been reported to have clinical efficacy in adults with ErdheimChester disease and LCH, characterized with sustained responses in most patients and no reports to date of disease progression on therapy (90) (91) (92) .
Recommendation
Activating mutations in BRAF arise with considerable frequency, and preclinical and clinical evidence strongly support targeting the MAPK pathway as a strategy with potential efficacy for these patients. The early experiences with targeted inhibition of mutant BRAF in melanoma serve as a paradigm for the potential for mutation-directed therapy. However, first-generation BRAF inhibitors have limitations: efficacy only against activated BRAF monomers, considerable side effects, and quick development of resistance, at least in the hypermutated setting of melanoma. Many new agents with more precise targets and combinations of agents at several nodes of the MAPK pathway, or multiple pathways, are in development. The TAP Committee therefore favors inclusion of tumors with BRAF point mutations, fusions, and amplifications in this trial, which would require inclusion of a second-generation BRAF inhibitor.
ALK Inhibitors and Extended ALK Inhibitors
Introduction ALK encodes the protein anaplastic lymphoma receptor kinase (ALK), which belongs to the insulin receptor superfamily. Germline-activating mutations in ALK result in an increased risk for developing neuroblastoma (NBL) (93, 94) . ALK is rearranged, mutated, or amplified in several cancers including anaplastic large cell lymphomas (ALCLs), NBL, inflammatory myofibroblastic tumors (IMTs), non-small cell lung cancer (NSCLC), and RMS.
Biomarker and Evidence ALK rearrangements predict response to crizotinib in NSCLC, IMT, and ALCL (94, 95) . ALK point mutations are variably sensitive to crizotinib in preclinical models and in clinical trials (96, 97, 98) . ALK amplifications are reported in NBL and RMS, but whether ALK amplification is linked to response to ALK inhibition is not yet known.
ALK rearrangements predict response to crizotinib in NSCLC, IMT, and ALCL (99) (100) (101) . In a phase III trial in lung cancer with ALK rearrangements, crizotinib therapy produced improved outcomes compared with chemotherapy. In a phase I/II trial in children with recurrent ALCL, there is a very high response rate with crizotinib (100). ALK point mutations are variably sensitive to crizotinib in preclinical models and clinical trials, and in a phase I/II trial of crizotinib in patients with recurrent NBL, occasional radiographic responses are observed (96, 97) .
Recommendation
Although several trials with first-and second-generation ALK inhibitors are planned in newly diagnosed and recurrent ALCL and NBL, strong consideration should be given to including a second-generation ALK inhibitor or an extended ALK inhibitor in the Pediatric MATCH trial. Despite competing studies there would be an anticipated patient population for this trial. The TAP Committee also recommended that this arm should allow patients with prior crizotinib to enroll. Therefore an additional patient population would be those patients with malignancies with activating ALK mutations who develop resistance to crizotinib.
TRK Inhibitors
Introduction
The TRK family proteins are receptor tyrosine kinases involved in nervous system development. Gene fusions involving each of the NTRK genes have been identified in a wide range of malignancies including several seen in pediatric patients: gliomas, mesoblastic nephroma, and infantile fibrosarcoma (102).
Biomarker and Evidence
The reported TRK fusions occurring in cancer have the 3' region of TRK including the kinase domain fused to the 5' sequence from a number of partner genes. For example, the ETV6-NTRK3 fusion identified in mesoblastic nephroma, infantile fibrosarcoma, and other malignancies has varying breakpoints but always contains the kinase domain of NTRK3 and the sterile alpha receptor (SAM) dimerization domain of ETV6. Although NTRK rearrangements were first identified several decades ago, development of TRK inhibitors has been slow, and so only recently has evidence emerged linking the presence of these fusions to response to TRK inhibitors. A patient with lung cancer harboring a MPRIP-NTRK1 translocation had a minor response after crizotinib, a weak TRK inhibitor (103) . More recently, a partial response to LOXO-101 in a patient with undifferentiated sarcoma with an LMNA-NTRK1 fusion has been reported (104) .
Recommendation
The committee recommended consideration of TRK inhibitors for a second phase of the MATCH trial when more information would be available regarding frequency of TRK fusions in pediatric malignancies and the activity and toxicity profile of the agents being studied.
BET Bromodomain Inhibitors
Introduction The BET family of bromodomain proteins (BRD2, BRD3, BRD4, BRDT) is a family of actyl-lysine "epigenetic reader" proteins that bind histone tails and modify chromatin accessibility to binding complexes involved in transcription. BET inhibitors directly affect BRD-containing proteins (including BRD3/4 fusions) and the ability of BRD proteins to activate the transcription of oncogenes, such as MYC family proteins (105).
Biomarker and Evidence
The most common biomarkers relevant to pediatric tumors are amplification of MYCN and translocations and amplifications of MYC (56, 106, 107) in subsets of neuroblastoma, medulloblastoma, and lymphomas. Neuroblastoma cell lines in vitro and in vivo (xenografts and MYCN-transgenic model) with high MYCN levels were selectively sensitive to the BET inhibitor JQ-1 and IBET726, resulting in cell cycle arrest, apoptosis (56, 106) , and downregulation of MYCN levels and downstream MYC targets. Similar JQ-1 effects were observed in medulloblastoma cell lines, xenografts, and GEMMs with high levels of MYC (107, 108) . Many studies have also demonstrated similar effects of BET inhibitors JQ1 and OTX015 in preclinical myc-driven leukemias and lymphoma models including MYC translocation-positive Burkitt lymphoma (109, 110) . Interestingly, in GBM models MYC expression may not correlate with BET inhibitor responsiveness (111) .
BET inhibitors also induce differentiation and growth arrest of NUT midline carcinoma (NMC) cells, which have fusions involving NUT, most commonly partnered with BRD3 or 4 methyltransferase (105, 112, 113) . In medulloblastoma, hedgehog (HH)-driven tumors respond to BET inhibitors via effects on BRD4 binding to the promoters of GLI1 and GLI2 (114, 115) . Increased levels of BRD3 and 4 (often due to translocation) may also predict activity. There is conflicting data as to whether TP53 missense mutations may promote BET inhibitor resistance (56, 107, 111) . Further preclinical studies are required to determine if all, or subsets of TP53 missense mutations, confer BET inhibitor resistance prior to determining whether these alterations should be used to determine eligibility in clinical trials.
Recommendation
There is preclinical data supporting the use of BET inhibitors for a number of pediatric solid tumors and lymphomas. Biomarkers of activity, such as MYC or MYCN amplification, are often enriched in the poorest prognosis subgroups of neuroblastoma and medulloblastoma patients, and so potential biomarkers of response are expected to be relatively common in the patient population eligible for MATCH. Because of the mechanism of action, this agent class potentially has broad effects on fundamental cellular processes. This likely contributes to the diverse array of biomarkers of response thus far identified in preclinical studies. Consequently, it is still not clear whether there are biomarkers that will predict response across pediatric histologies. In other words, at this early stage of drug development it is not clear whether, outside of rare BRD fusion-positive cancers, BET inhibitors are truly targeted therapies. Phase I trials of this agent class in pediatric patients are ongoing. In summary, while BET inhibitors may be ideally suited to study in the Pediatric MATCH, data from ongoing clinical trials may be needed in order for the TAP Committee to appropriately prioritize this agent class (see section on Co-Chair assessment below).
CDK4/6 Inhibitors
Introduction CDK4/6 inhibitors are small molecule inhibitors of the cyclindependent serine threonine kinases CDK4 and 6, which normally form a complex with cyclin D that phosphorylates the tumor suppressor pRb, preventing its binding to E2F transcription factors, leading to cell cycle progression (116) . CyclinD-cdk4/6-INK4a-Rb is one of the most commonly altered pathways in cancers, including amplification and mutations of CCND1, CDK4, or CDK6 in pediatric CNS tumors and NBL, and mutation or deletion of SMARCB1 in rhabdoid tumors and CDKN2A in a wide range of tumors (117) (118) (119) (120) (121) (122) (123) .
Biomarker and Evidence
Preclinical studies suggest that activating alterations in cyclinDcdk4/6-INK4a signaling, as well as functionally intact pRb, are required for cdk4/6 inhibitor sensitivity. However, many preclinical studies and early clinical trial results suggest that while necessary, alterations in this pathway are not sufficient to predict response, possibly in part because of redundancies in cyclin/cdk signaling pathways. Nevertheless, in most studies low p16 and intact pRb are required for sensitivity in vitro, but other biomarkers are emerging in specific tumors. For example, NBL sensitivity to the cdk4/6 inhibitor LEE011 correlated with MYCN amplification (124) .
There are many relevant preclinical studies in adult tumors, including breast, NSCLC, melanoma, and liposarcomas, that generally demonstrate selective responses in cells in vitro and in vivo, associated in part with activating alterations in cyclinDcdk4/6-INK4a pathways (reviewed in [125] [126] [127] ). The preclinical data linking these activating alterations to sensitivity include both shRNA knockdown of relevant targets (eg, cdk4/6) and pharmacologic inhibition. In neuroblastoma shRNA-targeting cdk4 and treatment with LEE011-inhibited growth, inducing cell cycle arrest, senescence, and dose-dependent decreased phosphorylation of pRb and FOXM1 in 12 of 17 cell lines in nanomolar concentrations in vitro and in vivo (124) . Although the majority of these lines had hyperactivation of CDK 4/6 signaling, several were not sensitive, but interestingly the presence of MYCN amplification correlated with lower IC50. Palbociclib sensitivity of GBM in vitro and in vivo is associated with deletion of CDKN2A and C as well as low levels of p16 (128) (129) (130) . Resistance was associated with pRb deletion and/or pRb shRNA knockdown. In one report, nonamplified CDK4 status or high levels of CDK6 conferred sensitivity (129) . Treatment with palbociclib (or p16 knockdown) induced growth inhibition and G1 arrest in rhabdoid cell lines and was inversely correlated with p16 expression (131) . CDk4 inhibition in rhabdomyosarcoma cell lines with palbociclib also induced G1 arrest and growth inhibition in vitro and in vivo (132) ; however, a recent study demonstrated that while the growth of most rhabdomyosarcoma cells was inhibited by LEE011 (and CDK4 shRNA), a subset of fusion-positive CDK4-overexpressing cells were resistant (133) . These studies highlight the importance of activating alterations that can in part determine cdk4/6 inhibitor sensitivity, but pRb, CDK4, CDK6, and p16 status alone cannot be used to accurately predict the response to cdk4/6 inhibition.
Recommendation
The TAP Committee felt that inclusion of this class of drugs in the Pediatric MATCH trial was dependent on two factors. First, most preclinical studies suggest that these inhibitors are cytostatic and often induce differentiation and/or senescence. Thus, if stable disease or time to progression will not be considered a successful response, then the agent is less likely to be prioritized, especially in the NBL population where Response Evaluation Criteria In Solid Tumors (RECIST) responses may be more difficult to identify in some subsets of patients (eg, patients with only marrow or metaiodobenzylguanidine (MIBG) positivity). Secondly, this agent may be better suited for combination studies with other inhibitors.
FGFR Inhibitors
Introduction Fibroblast growth factor receptors (FGFRs) bind to fibroblast growth factors that initiate kinase-mediated activation of oncogenic downstream signaling. The FGFR family consists of five receptors named FGFR1 to FGFR5. Amplifications of FGFR1 are seen in 3% of rhabdomyosarma, 10% of breast cancer, and 21% of lung adenocarcinoma, and mutations in FGFR4 have been reported in rhabdomyosarcoma.
Biomarker and Evidence
Deregulated FGFR signaling secondary to amplification, translocations, and point mutations in FGFR1, FGFR2, and FGFR3 is a biomarker that may predict response to FGFR inhibitors (134, 135) . Supplementary Table 11"4"]?> (available online) lists the common genetic alterations impacting FGFR1-4 in adult and pediatric cancers. Breast cancers that show FGFR1, 2, or 3 amplifications detectable by fluorescence in situ hybridization show sensitivity to FGFR inhibitors, as indicated by a higher response rate to the pan-tyrosine kinase inhibitor dovitinib than seen in those without amplification (136) . Multiple myeloma with FGFR3 translocation treated with dovitinib demonstrated stable disease (137) . Two patients with GBM with FGFR translocations treated with JNJ-42756493 showed stable disease and minor response (138) . The sensitivity of other FGFR genetic alterations to FGFR inhibitors is largely unknown.
Recommendation
The TAP Committee recommended that FGFR inhibitors be included in Pediatric MATCH for tumors characterized by mutations, amplifications, or translocations in FGFR1-4, where the inhibitor has demonstrated activity against the specific FGFR alterations.
Additional Target-Agent Pairs
Discussion of inhibitors against EGFR, IDH, SMO, PARP, and ERK, which were not selected for inclusion in the Pediatric MATCH at this time, is included in the Supplementary Materials (available online).
Co-Chair Assessment
The Co-Chairs deprioritized the CDK4/6 inhibitors and the BET bromodomain inhibitors because the highest possible levels of evidence linking the biomarkers and response were preclinical. MEK, BRAF, PI3K, and mTOR inhibitors were given the highest priority based on inclusion of study arms with these agents in the adult NCI-MATCH trial, suggesting that it would be feasible to plan trial arms for these agents in Pediatric MATCH.
Discussion
The systematic approach undertaken by the Pediatric MATCH TAP Committee produced a prioritized list of targeted agent classes to be considered for inclusion in a basket trial. Prioritization took into account the opinion of Pediatric MATCH stakeholders as well as available evidence. Rapid evolution in novel therapeutics and cancer genomics raises the important question of the optimal manner in which to maintain knowledge during the course of a study such as Pediatric MATCH. The TAP Committee will therefore continue to meet on a quarterly basis during trial development and during the conduct of the trial to evaluate whether additional target-agent pairs should be reviewed by the committee for potential inclusion in Pediatric MATCH.
The TAP Committee used peer-reviewed publications and published abstracts as their primary sources of evidence for conducting systematic reviews of target-agent pairs. There was a discussion of more extensive use of publically available primary sequencing databanks such as The Cancer Genome Atlas (TCGA), the International Cancer Genome Consortium (ICGC), or the St. Jude PeCan Data Portal. Of note, many available genomic data sets (eg, TCGA) do not include pediatric cancer data. However, there are several limitations to the currently available primary sequencing databanks for pediatric malignancies. Most importantly, almost all of the sequenced samples are newly diagnosed rather than recurrent (post-treatment) samples and therefore may lack relevance to the patient population to be included in the Pediatric MATCH study. The sequencing platforms utilized and the manner in which sequencing data is stored in these databanks will also limit the extent to which these databanks will be informative about the frequency of translocations.
The pediatric malignancy with the greatest number of sequenced samples in ICGC is NBL with 605 cases, but only about 400 of these cases have adequate sequencing data available to assess the frequency of actionable mutations of interest. Given the small number of sequenced cases (1239 pediatric solid tumors in ICGC, 785 pediatric solid tumors in PeCan), there is limited power to detect recurrent mutations occurring at a frequency of less than 10%. Further, for many rare pediatric malignancies no primary sequencing data are available in these databanks. Thus the committee felt that literature review and expert input was an optimal manner in which to assess the frequency of potentially actionable mutations of interest for the purpose of prioritizing target-agent pairs. Additional resources for pediatric-specific cancer sequencing data, such as the recently released Foundation Medicine pediatric database, will be utilized by the committee as they become available (139) .
Conclusions
The Pediatric MATCH represents a paradigm shift in approaching refractory and relapsed pediatric cancers with targeted therapeutic approaches based on molecular lesions rather than tumor histology. The "umbrella" approach allows inclusion of children with rare malignancies for whom phase II research opportunities are often limited. The review and prioritization approach described here represents a strategic step toward precision medicine for children with cancer. It is hoped that Pediatric MATCH will establish a dynamic platform from which to gain a better understanding of the genomic landscape of relapsed and refractory cancers and seek efficacy signals of matched therapeutic agents that may improve the outcome for a spectrum of childhood cancers.
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